Background: Droughts affect around 52 million people globally each year, a figure that is likely to increase under climate change. Objectives: To assess the strength of empirical evidence on drought exposure as a risk factor for undernutrition in children < 5 years of age in low-and middle-income countries (LMICs). Methods: Systematic review of observational studies published between 1990 and 2018 in English and reporting undernutrition outcomes in children < 5 years of age in relation to droughts in LMICs. The search was performed in the Global Health, Medline, Embase, and Scopus databases. We assessed the strength of evidence following the Navigation Guide. Results: 27 studies met our inclusion criteria. 12 reported prevalence estimates in drought-affected conditions without comparison to unaffected conditions. These showed high prevalence of chronic and mixed undernutrition and poor to critical levels of acute undernutrition. Only two studies were judged to have low risk of bias. Overall, the strength of evidence of drought as a risk factor was found to be limited, but the two studies with low risk of bias suggested positive associations of drought exposure with children being underweight and having anaemia. Conclusion: Published evidence suggests high levels of all types of child undernutrition in drought-affected populations in low-income settings, but the extent to which these levels are attributable to drought has not been clearly quantified and may be context specific. This review offers suggestions for enhancing the quality of future studies to strengthen evidence on the potential magnitude, timing, and modifying factors of drought impacts.
further increase is projected through changes in incomes and affordability of food for the poorest 20% of the global population (Lloyd et al., 2018) . Undernutrition in early life is a challenge for child survival as well as health and productivity of the survivors. It was estimated to be responsible for 45% of the 5.4 million deaths in children under five in 2017 . Adults, who were undernourished in childhood, have higher risk of chronic (Black et al., 2013) and infectious (Dercon and Porter, 2014) disease, compromised cognitive development (Ampaabeng and Tan, 2013) , and lower economic productivity (Dewey and Begum, 2011) . Furthermore, child undernutrition could point to the underlying vulnerabilities of population, such as a high prevalence of infectious diseases, poverty, poor infrastructure and limited market access, which channel drought impact on child nutritional status but also compromise wellbeing and quality of life in their own right. Therefore, it is particularly important to understand and address the impacts of drought on undernutrition specifically among children (conventionally below 5 years of age).
Although progress in decreasing the levels of global child undernutrition has been made since 1990, the rate of the progress has slowed (United Nations, 2015) . Some argue, that progress may be reversed due to the effects of climate change and the increasing magnitude and frequency of extreme weather events such as droughts (Nelson et al., 2009; Lloyd et al., 2011; Nelson et al., 2010; Parry et al., 2009; Schmidhuber and Tubiello, 2007; Springmann et al., 2016) .
The global policy agendas on climate change, health, and disaster risk reduction acknowledge the possible impact of climate change and weather-related disasters on undernutrition (Campbell et al., 2008; Corvalan et al., 2008; IPCC, 2014; United Nations Office for Disaster Risk Reduction, 2015) . It is recognised that development of effective preventative approaches, such as undernutrition and drought early warning systems alongside other strategies for the reduction of the underlying vulnerability, are necessary (Centers for Disease Control and Prevention, 1991; Mude et al., 2009; Phalkey et al., 2015; Verdin et al., 2005) . To enhance the effectiveness of preventative approaches, it is important to examine the evidence characterising the possible magnitude and time-course of drought impacts on each type of undernutrition (e.g., acute, chronic, mixed, and micronutrient, see Table 1 ), as well as the effect of potential modifying influences, some of which could inform on the aspects of vulnerability that are adaptable for the reduction of future drought impacts.
Evidence relating to the effects of drought on undernutrition has not been reviewed in enough detail to address these questions, particularly with regards to one of the most vulnerable population groups -children in low-income settings. So far, two literature reviews have provided broad messages concerning the negative impact of drought on the nutrition of people of all ages, without differentiating effects by type of nutritional outcomes (Alpino et al., 2016; Stanke et al., 2013) . The strength and quality of their synthesised evidence has not been systematically assessed. To inform the development of effective responses, it is essential to assess the robustness of the available evidence, identifying major methodological shortcomings for the improvement of future research.
In this paper, we review published (peer-reviewed) evidence on observational studies of undernutrition among children < 5 years of age in relation to droughts in low-and middle-income countries (LMICs). Our objective was to answer the question: "Is drought exposure a risk factor for undernutrition in children < 5 years of age in low-and middle-income countries?" We developed a "Participants", "Exposure", "Comparator", and "Outcomes" (PECOS) statement as follows:
▪ Participants: population of children < 5 years of age in LMICs ▪ Exposure: drought event(-s), as defined by the authors of the original studies ▪ Comparators: not essential, but where available, it was a comparable population unexposed to a drought or the same population at a time when it was not exposed to a drought ▪ Outcome: undernutrition outcomes (listed in Table 1 ) ▪ Study design: observational studies including measurement of nutritional outcomes.
We aimed to examine any evidence that relates to the magnitude and time-course of drought impacts as well as factors that may modify these effects. We assessed the strength of evidence on drought effects for each type of undernutrition (acute, chronic, mixed, and micronutrient) , identifying methodological shortcomings, and providing recommendations for the improvement of the evidence base. Recently new approaches have been developed for systematic assessment of the quality and strength of observational evidence (Stewart and Schmid, 2015; Lynch et al., 2016; Rooney et al., 2014) . This paper provides one of the few systematic reviews applying such assessment to the evidence of the health impacts of environmental factors and extreme events (Stewart and Schmid, 2015; Bonafede et al., 2016; Amegah et al., 2016) .
Methods

Search methods
We searched the literature in Ovid Medline, Global Health, Embase, and Scopus, restricting our search to studies published in English with publication date from 1 January 1990 to 4 November 2018. In Embase and Medline, the search was limited to studies on humans (this filter was not available in other databases). We also screened reference lists of the two prior systematic reviews on the health impacts of drought (Alpino et al., 2016; Stanke et al., 2013) . The search was initially run on 12 December 2013, and last updated on 4 November 2018. Trying to identify higher quality studies, we decided to exclude the grey literature due to large number of reports whose quality would have been difficult to assess.
The search strategy combined terms describing: drought exposure, possible undernutrition outcomes, and LMICs as defined by the World Bank classification (see Supplementary Table S1 ). The search strategy was constructed by KB, reviewed by PW and an expert in systematic review searches at the library of the London School of Hygiene and Tropical Medicine. We adapted the search strategy for each database by adding specific key words and synonyms identified in their thesauri and by adjusting the search syntax. Databases were searched by article abstracts, titles, key words, and headings (.mp).
Inclusion and exclusion criteria
Papers were included according to the following criteria: peer-reviewed full text reports of empirical observational studies, published since 1990 in English, which reported undernutrition outcomes such as acute, chronic, mixed (or the state of being underweight), and micronutrient undernutrition but also other relevant anthropometric measures (Table 1) among children < 5 years of age in relation to droughts (as Table 1 The examined undernutrition outcomes and their measures.
defined by the authors of the original studies), in LMICs (as defined by the World Bank in April 2013) (see Supplementary Table S2 ). We included a broad range of observational study designs, with and without a control population, in order to assess the robustness and methodological aspects of the full range of the available peer-reviewed evidence. We excluded non-peer reviewed publications and papers not reporting on empirical observational studies (e.g., commentaries, literature reviews), studies on non-human subjects, age groups other than children < 5 years, exposures other than drought events (e.g., residence in arid and drought-prone areas), other health outcomes or measures of food security and intake, studies in high-income countries, published before 1990 or in languages other than English (see Supplementary Table S2 ).
Study selection and data extraction
Search results were combined and duplicates removed. Titles and abstracts were screened against the inclusion criteria (see Supplementary Table S2 ), leaving studies for which inclusion was uncertain from these records for the full text eligibility review. No exclusions were made based on the study quality to permit the assessment of any methodological shortcomings and the strength of evidence (Amegah et al., 2016) . Table 2 indicates who of the authors performed study selection and data extraction. In selecting the studies, independent judgements of authors differed in 9% of the studies, and were resolved through discussion, and when necessary, consulting third reviewer (3% of studies).
Data from the included papers was extracted into a pre-defined data extraction sheet with the following variables: country and location of the study, study aim, design, type of data used (primary or secondary), source of secondary data, sample size, sampling strategy, year(-s) of the drought, year(-s) of data collection, age of study subjects, outcome measures, outcome results, results on possible effect modification, drought description, drought exposure measures, authors' provided definition of drought, study context (setting and population), concurrent events, any interventions (existing or implemented in response to the drought).
Assessment of evidence
To assess the strength of evidence provided by reviewed articles, we followed the Navigation Guide framework (Woodruff and Sutton, 2014; Johnson et al., 2014) . The Navigation Guide provides guidelines on the assessment of the quality and strength of evidence and systematic synthesis of research in environmental health, including separate guidelines specifically for observational human studies (Lynch et al., 2016; Woodruff and Sutton, 2014; Johnson et al., 2014) . The three stages of the assessment are: assessment of the risk of bias in individual studies, assessment of the quality of evidence and assessment of the strength of evidence across studies for each outcome type (Woodruff and Sutton, 2014; Johnson et al., 2014; Lam et al., 2014) . At each stage the assessment was performed by two authors independently, resolving any disagreement through discussion, and, if necessary, by consulting a third reviewer (Table 2) .
Assessment of the risk of bias in individual studies
We assessed each study against 10 domains of the risk of bias as low risk, probably low risk, probably high risk, high risk, not applicable, or unclear using an adaptation of the methods described by Johnson et al. (2014 Johnson et al. ( , 2016 ) (see Supplementary note 1). To the nine original domains of assessment of Johnson et al. we added an additional domain of assessment of migration or survival bias for studies undertaken in circumstances when substantial movements of people or increased mortality might have occurred prior to data collection (Johnson et al., 2014; Johnson et al., 2016) ; there were appreciable movements of people in some of the reviewed studies with the potential to introduce such bias (Gari et al., 2017) . These aspects are not covered by the original assessment domains of the Navigation Guide when it is applied to a wider range of observational study designs, particularly single or repeated cross-sectional studies. We adapted Johnson and colleagues' instructions (Johnson et al., 2014; Johnson et al., 2016) for the assessments of drought exposure and undernutrition outcomes; we assessed as probably low (as opposed to low) the risk of bias from the involvement of governmental agencies and non-governmental organisations (NGOs). For the domain of recruitment assessment we also took into consideration the consistency of sampling methods across subjects with different drought exposure levels. As per Navigation Guide method, a study was considered to have low or probably low risk of bias, if the risk of bias was judged as low or probably low across all domains of assessment.
Assessment of the quality of evidence across studies
We assessed the quality of evidence across studies for each type of undernutrition (e.g., acute, chronic, mixed, micronutrient undernutrition) separately. Following the approach of the Navigation Guide, we rated the evidence as high, moderate, or low, initially assigning the rating as moderate, and then considering adjustments based on the following factors: risk of bias across studies, indirectness of evidence, imprecision, publication bias, size of the effect (since with a larger magnitude of the effect confounding alone is less likely to explain the association), dose response pattern, and whether confounding could minimise the effect. The risk of bias across studies was based on the outcome of our assessment of the risk of bias in individual studies, explained in the previous section. To judge the risk of bias across studies, we considered the contribution of each study with a general focus on high-quality studies, as per the Navigation Guide (which recommends against integration based on any quantitative scoring methods) (Johnson et al., 2014; Johnson et al., 2016) . The assessment was performed as per Johnson and colleagues' instructions (Johnson et al., 2014; Johnson et al., 2016) .
Assessment of the strength of evidence across studies
We also rated the strength of the body of evidence by type of undernutrition, based on: quality of the body of evidence (i.e., rating from the previous stage of assessment), direction of effect (i.e., plausible consistency across studies on whether drought exposure suggests increased or decreased levels of undernutrition), confidence in the effect (likelihood of a new study changing our conclusion), any other Table 2 Authors responsible for the study selection, data extraction, and the assessment of evidence.
attributes that may affect certainty, as explained by Johnson and colleagues (Johnson et al., 2014; Johnson et al., 2016) . No modification was made to the approach of the assessment of the strength of evidence (Woodruff and Sutton, 2014; Johnson et al., 2014; Lam et al., 2014) .
Synthesis of results
Quantitative synthesis in a form of meta-analysis or a forest plot was not appropriate due to the diverse range of study designs and other methodological and contextual heterogeneity. Therefore, study findings, which included diverse measures of drought effect on child undernutrition outcomes (Table 1) , are synthesised narratively. We performed narrative synthesis in two stages: (1) preliminary synthesis using grouping (by outcome type, study design, risk of bias) and tabulation techniques, (2) exploration of relationships within and between studies to characterise the extent of drought impact on each type of child undernutrition (acute, chronic, mixed, micronutrient) and effect of factors may modify these impacts (Popay et al., 2006) . To synthesise evidence on effects of potentially modifying factors, between study comparisons were only feasible and performed in relation to the presence of relevant interventions in a subset of studies that explicitly reported either their presence or absence. Due to sporadic reporting of drought severity and presence of other contextual factors, between study comparisons were not feasible in relation to the other factors, hence, only within study comparisons were performed for the synthesis of evidence on their modifying effects.
Results
Study selection
A flowchart of study selection is presented in Fig. 1 . Our search identified 7137 unique records. On the basis of screening titles and abstracts of these records against the inclusion criteria, we excluded 7033 records, leaving 103 records for full text review. Following the full text versions of the 103 papers against the inclusion criteria, we excluded 77 papers: 23 for not examining the impacts of drought, 21 for not reporting undernutrition outcomes, 20 for not being peer-reviewed articles on empirical studies, 11 for not reporting on children < 5 years of age, one for being an earlier (repeated) published version of an already included study, and one for not reporting undernutrition outcomes measured in the conditions with and without drought exposure separately (see Supplementary Table S1 ). One additional study was identified from a lateral search of reference lists of the prior reviews (Alpino et al., 2016; Stanke et al., 2013) . 27 articles were included in the review.
Study context
The included studies covered 20 different countries. Twenty-three were single country studies, with a majority in Eastern Africa (nine studies) and India (six studies) but also in Mali, Haiti (Centers for Disease Control and Prevention, 1991) , Afghanistan (Assefa et al., 2001) , North Korea, Indonesia, Senegal, Pakistan, and Lesotho. Four were multi-country studies covering Eastern and/or Southern Africa. Seventeen studies examined rural populations, one an urban population, and five both rural and urban populations. Others did not specify.
Eight studies were conducted in cases where high undernutrition impact was already suspected. Authors described the situation as famine, based on official information or anecdotal evidence of high levels of undernutrition, starvation deaths, or increased mortality. Contextual factors were not described by all articles but, when mentioned, emphasized the vulnerability of the study settings: the worst affected areas, drought-prone areas, high prevalence of Human Immunodeficiency Virus (HIV), peak malaria time, poorest areas of the country, other agriculturally damaging disasters such as floods, wildfires, and hailstorms happening concurrently or shortly preceding the drought, economic decline or volatile commodity prices, government Fig. 1 . Flow chart of the study selection process and the number of records considered at each stage. K. Belesova, et al. Environment International 131 (2019) 104973 Table 3 The reviewed study characteristics and key results. (continued on next page) instability, war or armed conflict, and high baseline levels of the examined negative undernutrition outcomes. Only one study was conducted in a historical grain surplus production area. Supplementary Table S3 lists studies corresponding to each of the contextual characteristics mentioned in this section.
Study characteristics
The characteristics of the included studies are available in Table 3 . All were observational studies that examined drought impact on undernutrition outcomes of children < 5 years of age in LMICs. The studies were published in English in peer-reviewed journals from 1990 to 2018 but conducted on data collected from 1984 to 2015, with the majority from 1990 to 2005. Study sample sizes ranged from 224 (McDonald et al., 1994) to 149,386 (Kumar et al., 2016) .
Twenty studies focused on a single specific drought event and five on multiple events. Only two articles provided a definition of drought. Most authors provided a descriptive reference to drought as an extreme event linked to low rainfall, low crop production and/or food insecurity, and a combination of the two, or as manifested by high staple crop prices. Hence, drought exposure in most papers was implied as a presence of an (undefined) drought event or expressed by such measures as rainfall, level of crop production, food security or food price index.
In terms of the outcome measures, eighteen studies examined measures of acute undernutrition, eleven of chronic undernutrition, fifteen of mixed undernutrition (also referred to as the state of being underweight), and six studies of micronutrient (vitamins A, B, C and iron) deficiencies. One study also examined infant length and height as anthropometric measures related to child nutritional status. Most outcome data was collected in the first year of drought. In five studies outcome data was collected in the second year, one in the third year, one in the fifth year of the drought, and in two studies one and two years after the drought. Nineteen studies were based on primary data. Ten studies were based on secondary data, which were derived from a prior cohort study, from programme monitoring and evaluation, and from other surveys (Demographic and Health Surveys, Multiple Indicator Cluster Surveys, other government and NGO, and international organisation surveys).
Study objectives, designs, and contexts varied (Tables 3 and 4 ). Depending on the design, studies had different potential to provide strong evidence of drought as a risk factor for child undernutrition (Table 4 ). Longitudinal, controlled or repeated (in conditions of different drought exposure levels) cross-sectional studies were generally viewed as providing stronger evidence (Table 4 ). Of all the reviewed studies there were six rapid emergency assessments and four assessments of interventions addressing drought impacts. Supplementary Table S4 lists studies corresponding to the characteristics discussed in this section.
Assessment of the risk of bias in individual studies
The results of assessment in individual studies are summarised in Table 5 and synthesised across studies by type of undernutrition in Fig. 2 . Assessment summaries for each study are available in Supplementary Tables S6 to S32 .
We identified the lack of blinding, confounding, migration or survival, and outcome assessment as the most common sources of the risk of bias. None of the studies reported any attempt of blinding. Drought events received media coverage (Carnell and Guyon, 1990; Kumar and Bhawani, 2005; Ahsan et al., 2017) and government announcements (Block et al., 2004; De Waal et al., 2006; Mason et al., 2005; Renzaho, 2006a; Venkaiah et al., 2015) , thus, potentially raising awareness among the personnel performing outcome measurements about drought exposure status of the study subjects. Therefore, all studies (100%) were judged to have probably high risk of observer bias. Assessment of The study design in Lindtjørn (1990) was a prospective cohort with monthly repeated measurements of children's weight and height, results were presented as the prevalence of wasting at two points in time: during and after the examined drought event.
confounding was relevant only to the studies examining drought exposure-outcome associations and had a comparator, i.e., studies with longitudinal design and cross-sectional studies that were repeated over time or had a control site (see Table 4 ), 14 of the 27 studies. Of these, twelve (86%) were judged to have high or probably high risk of bias, as they did not control for some of the key confounders (e.g., concurrent events posing risk to nutrition) or any confounders at all. Some studies were conducted in localised areas, after prolonged exposure to the droughts with likely outmigration and mortality of the most vulnerable prior to data collection. Fifteen studies of all 27 (56%) were judged to have high or probably high risk of migration or survival bias, as they did not account for the possible effects of these processes. Nine (33%) studies were judged to have a probably high risk of bias in the outcome assessment, as they may have underestimated undernutrition prevalence as a result of either using the National Centre for Health Statistics (NCHS) child growth reference, which (as opposed to the standards based on the World Health Organization (WHO) Multicentre Growth Reference Study) does not represent ideal child growth (de Onis and Yip, 1996; de Onis et al., 2006) , or by defining micronutrient deficiency based upon their clinical signs (as opposed to blood sample analysis) (Wyss, 2004; WHO, 1998) .
Additionally, exposure assessment and assessment of incomplete outcome data were frequently hampered by the limited information reported in the articles, making it difficult to assess the risk of bias in their exposure assessment. Six (22%) of the studies did not provide data on the drought exposure of their study populations or even a reference to a source providing such data. Further, seven (26%) studies were judged to have high or probably high risk of bias in exposure assessment due to potentially biased measures or the lack of drought exposure ascertainment for their study area (e.g., only claiming drought exposure at the country level), which is important because droughts are often patchy phenomena and may not affect large territories uniformly. Eleven studies (41%) did not provide sufficient information to enable the assessment of incomplete outcome data.
Across all assessment criteria, only two studies by Kumar et al. and Lazzaroni & Wagner (7%) were judged to have low or probably low risk of bias by all criteria (except blinding) (Kumar et al., 2016; Lazzaroni and Wagner, 2016) . Three studies (11%) did not report sufficient detail to assess their risk of bias by some of the criteria but were judged to have low or probably low risk of bias by all criteria (except blinding) where sufficient information was reported. The remaining 22 (81%) studies were judged to have high or probably high risk of bias by more than one of the assessment criteria.
Quality of evidence across studies
A summary of the assessment of the overall quality of evidence on drought exposure as a risk factor for undernutrition in children < 5 years of age in low-and middle-income countries by type of undernutrition is presented in Table 6 . We downgraded the rating of the overall quality of evidence for acute and chronic undernutrition by the criteria of publication bias and the risk of bias across studies. We also downgraded the rating for chronic undernutrition by the criterion of indirectness to reflect absence of studies on its association with drought exposure (all studies, except one, reported only uncontrolled prevalence estimates). We upgraded the quality of evidence for acute undernutrition, due to the high magnitude of the possible effect (over twotimes increase in the prevalence under drought exposure). The resulting overall quality of evidence rating was low for acute and chronic undernutrition and moderate for mixed and micronutrient undernutrition.
Strength of evidence across studies
A summary of the assessment of the strength of evidence is also presented in Table 6 . We made the following considerations for the strength of evidence. Quality of the body of evidence (as concluded above): low for acute and chronic undernutrition, moderate for mixed and micronutrient undernutrition. Direction of effect estimate: largely increasing for each type of undernutrition. Confidence in effect estimates: effect estimates were uncertain and often uncontrolled; new studies might show different estimates. Other compelling attributes of the data that may influence certainty: drought event characteristics, contextual factors, population vulnerability, and drought response may make the interpretation less certain and less clear. We concluded that there was limited evidence for (or against) drought exposure as a risk factor for each type of undernutrition among children < 5 years of age in LMICs.
Synthesis of findings on drought effect on child nutritional status
Key findings of each study are reported alongside study characteristics in Table 3 .
Acute undernutrition
Acute undernutrition is sensitive to recent decreases in a person's weight, often related to a sudden decrease in food intake or an illness, both of which can be related to drought exposure. It was the most frequently examined type of undernutrition (18 studies). Six studies had designs that permitted examining its association with drought exposure or comparing acute undernutrition levels in conditions with and without drought exposure. Of these, five studies, undertaken in the Horn of Africa (Chotard et al., 2010; Mason et al., 2012) , Ethiopia (Lindtjørn, 1990) , and Kenya (Mude et al., 2009; Bauer and Mburu, 2017) , suggested increases in acute undernutrition levels with drought exposure, which ranged from the minimum of 0.8 percentage point increase among pastoralists of Arero province of Ethiopia (Lindtjørn, 1990) to 25 percentage point increase in Kenya (Mude et al., 2009) . By contrast, the sixth study reported a 3.2 percentage point decrease in the prevalence of acute undernutrition in a drought year as compared to a year without drought (p < 0.001) in the Tullu district of Ethiopia (Gari et al., 2017) . In this setting communities were receiving food aid and benefited from increased efforts in screening and treating undernourished children (Gari et al., 2017) . Poor reporting of contextual factors and drought intensity as well as differences in the study design did not permit further interpretation of factors that might have contributed to heterogeneity in the level of increase in acute undernutrition across studies. All six studies were judged to have probably high or high risk of bias by at least two of the assessment criteria.
The remaining twelve studies on acute undernutrition provided only single cross-sectional uncontrolled drought-time prevalence estimates. The prevalence of acute undernutrition (weight-for-height index Zscore < −2 Standard Deviations (SD)) ranged from 7% (95% CI 5.9, 9.0%) in a traditionally surplus grain producing area of war affected Afghanistan (Assefa et al., 2001) to 28% during the second year of drought in Timbuktu, Mali (Carnell and Guyon, 1990) , reflecting a poor to critical situation, by the WHO classification (WHO, 2010) . Overall, attribution of acute undernutrition to drought exposure was limited.
Chronic undernutrition
Chronic undernutrition (or stunting) reflects effects of insufficient nutrient intake compared to the individual energy needs (which increase with an illness or heavy physical activity) over a longer-term and particularly over the time-period from conception till two years of age. Only one of the eleven studies that reported on stunting had a design that allowed comparing its levels in conditions with and without drought exposure (probably high risk of bias). The study suggested a 5.9 percentage point increase in stunting with the drought exposure (p < 0.001) in Ethiopia in the presence of food aid and increased child undernutrition screening and treatment efforts (Gari et al., 2017) .
The remaining ten studies on chronic undernutrition (or stunting) were based on uncontrolled single cross-sectional prevalence estimates during droughts, mostly indicating a high prevalence of stunting, as per the WHO classification (WHO, 2010) . The prevalence of stunting (height-for-age index Z-score < −2 SD) ranged from 26% in the Jodhpur district of India (Singh et al., 2006) to 63.7% (95% CI 58.6, 68.8%) in the Kohistan district of Afghanistan (Assefa et al., 2001) . Hence, attribution of chronic undernutrition to drought exposure was limited.
Mixed undernutrition
Mixed undernutrition (or the state of being underweight) reflects both acute and chronic causes of undernutrition. Of the fifteen studies on underweight, seven had designs that permitted the examination of its association with drought exposure. Of these, only two studies by Kumar et al. and Lazzaroni & Wagner were judged of low or probably low risk of bias (by all criteria, except blinding), finding a statistically significant association of drought exposure in the year of birth and year before birth with weight-for-age Z-score (WAZ) in India (Kumar et al., 2016) and almost a quarter of variation in WAZ explained by drought exposure in Senegal (Lazzaroni and Wagner, 2016) . The remaining five studies suggested mixed results. Studies in Southern Africa (Mason et al., 2010a) and the Horn of Africa (Mason et al., 2010b) suggested higher levels of underweight in conditions with droughts vs without droughts: 24.7% vs 21.3% (p < 0.05) and 28.0% vs 20.4% (p < 0.05) across the regions respectively. Studies in Indonesia (Block et al., 2004) and Kenya (McDonald et al., 1994) found no evidence of higher levels of child underweight during droughts, possibly explained by calorie reallocation from mothers to children during the time of food stress. The study in the Tullu district of Ethiopia reported 3.1 percentage point decrease in child underweight during the drought as compared to the preceding year (p < 0.001), possibly as a result of an effective food and nutrition intervention implemented during the drought (Gari et al., 2017) . These five studies were judged to have (probably) high risk of bias by two or more criteria.
The remaining eight studies on mixed undernutrition provided only single cross-sectional uncontrolled drought-time prevalence estimates. These studies reported drought-time prevalence of underweight children (WAZ < −2 SD) ranging from 33% in Tharparkar district of Pakistan (Ahsan et al., 2017) to 63.4% in Baran district of Rajasthan, India during the fifth year of drought (Kumar and Bhawani, 2005) . According to the WHO (WHO, 2010), these prevalence levels are classified as high. Yet, evidence of the association between drought exposure and being underweight was only provided by one study with a low risk of bias (Kumar et al., 2016) .
Micronutrient deficiencies
Studies of micronutrient undernutrition were few (six studies), of which only four were designed to examine its association with drought exposure. Only the study by Kumar et al. was judged to have low or probably low risk of bias (by all criteria except blinding), and suggested that there is evidence for an association between drought exposure in the year before child's birth and a higher prevalence of child anaemia in India (Kumar et al., 2016) . A longitudinal study suggested a positive association between anaemia and drought exposure in the year of birth in Indonesia (Block et al., 2004) , a cross-sectional study repeated before and during a drought in Ethiopia suggested an increase in the prevalence of anaemia from 28.2% to 36.8% (p < 0.001) (Gari et al., 2017) , and one study with controlled cross-sectional design suggested greater vitamin A deficiency in severely drought affected vs unaffected areas of India (Arlappa et al., 2011 ). Yet, all three studies were judged to be probably high or high risk of bias by multiple assessment criteria. The remaining two studies reported only uncontrolled drought-time prevalence of vitamin A, B, and C deficiency (Chotard et al., 2010; Katona-Apte and Mokdad, 1998) in Indian states. Hence, only one study provided high quality evidence for the association of drought exposure with increased child anaemia in India.
Other undernutrition outcomes
A correlation of infant length (but not weight) Z-scores (measured at the age of 6 and 16 weeks) with drought-related maize price fluctuation, which the infants were exposed to in utero, was found in Lusaka, Zambia (Gitau et al., 2005) .
Time course of impacts
Most studies examined undernutrition outcomes during the drought events. Two studies suggested longer-term effects of drought. The study 1991; Assefa et al., 2001; Carnell and Guyon, 1990; De Waal et al., 2006; Katona-Apte and Mokdad, 1998; Mahapatra et al., 2000; Moloney et al., 2011; Renzaho, 2006a; Renzaho, 2006b; Singh et al., 2006; Venkaiah et al., 2015; Ahsan et al., 2017) 3 studies (Gari et al., 2017; Kumar and Bhawani, 2005; Mude et al., 2009) 5 studies (Block et al., 2004; Gitau et al., 2005; Lindtjørn, 1990; McDonald et al., 1994; Bauer and Mburu, 2017) One control site 1 study (Arlappa et al., 2011) 0 studies 0 studies Multiple sites (with different exposure levels) 0 studies 6 studies (Chotard et al., 2010; Kumar et al., 2016; Lazzaroni and Wagner, 2016; Mason et al., 2005Mason et al., 2010a Mason et al., 2010b) 0 studies a The same sample of subjects followed up over time.
b Two or more cross-sectional studies repeated over time in the same population(-s) with a new sample drawn each time.
by Kumar et al. (judged to be low or probably low risk of bias by all criteria except blinding), found that drought exposure at birth, in utero, and early life was associated with higher risk of being underweight until 5 years of age, i.e., also after the end of the drought event (Kumar et al., 2016) . Furthermore, a study in Indonesia (high or probably high risk of bias by four criteria) suggested that the compound exposure to a drought and financial crisis led to a decline in child haemoglobin levels not only during the drought and crisis but remained below the pre-crisis level a year after the event (Block et al., 2004) .
Synthesis of findings on suggestive indication for effect modification
Although none of the reviewed studies, except one (Lazzaroni and Wagner, 2016) , formally assessed factors that may modify drought effect on child undernutrition, their results suggested that differences in effect might be possible by age at exposure, sex, urban vs rural setting, baseline public health situation, and presence of concurrent events or interventions implemented in response to the drought.
Age at exposure and sex
The study by Kumar et al. ( probably low risk of bias except the criteria of blinding) and another study with probably high risk of bias suggested a stronger effect of drought exposure in utero than exposure in the year of birth on child haemoglobin levels in India (Kumar et al., 2016) and on infant length in Zambia (Gitau et al., 2005) . Another study with probably high risk of bias in Kenya suggested that droughts affected nutritional status of schoolchildren and toddlers' caregivers but not toddlers (McDonald et al., 1994) . A study in Indonesia with high or probably high risk of bias by four criteria suggested that compound exposure to a drought and financial crisis affected haemoglobin levels in boys significantly more than in girls (Block et al., 2004) .
Urban vs rural setting
The study by Kumar et al. with probably low risk of bias (by all Summary of the results of the risk of bias assessment in individual studies.
criteria except blinding) suggested a lower effect of drought on children being underweight in urban as opposed to rural areas of India (Kumar et al., 2016) . By contrast, a study with a probably high risk of bias by two criteria observed greater drought-time deterioration in the underweight state of children in areas close to large towns as opposed to rural areas of Southern Africa, which could be linked to lower access to food aid or higher HIV prevalence in areas around towns (Mason et al., 2005) . . 2 . Synthesis of the risk of bias assessment across studies by type of undernutrition. *The assessment of confounding was applicable and performed in 14 studies, therefore 100% corresponds to 14 studies in the overall summary, 6 in the summary of studies on acute undernutrition, 1 on chronic undernutrition, 7 on mixed undernutrition, and 4 on micronutrient undernutrition.
Fig
Table 6
Summary of the assessment of the quality and strength of evidence on drought as a risk factor for four types of child undernutrition in LMICs. 
Baseline public health situation
The baseline health and nutritional status of the exposed may in part confer their vulnerability to the impacts of drought. Two studies with a (probably) high risk of bias by two criteria (WHO, 1998; WHO, 2010) , suggested a significant interaction of HIV prevalence with the association of drought exposure and the risk of children being underweight in Southern Africa (but not in the Horn of Africa), observing a significant association in areas with high HIV prevalence but not in areas with low HIV prevalence. One of these studies also suggested the possible importance of baseline undernutrition levels, as child nutritional status deteriorated with drought more rapidly in areas with better than areas with worse baseline prevalence of underweight children in Southern Africa (Mason et al., 2005) .
Concurrent events
Fifteen studies were conducted in settings where droughts occurred concurrently with other potentially nutritionally-impactful events, such as floods, wildfires, economic shocks, government instability or armed conflicts (Assefa et al., 2001; McDonald et al., 1994; Kumar et al., 2016; Gitau et al., 2005; Block et al., 2004; Chotard et al., 2010; De Waal et al., 2006; Kumar and Bhawani, 2005; Lazzaroni and Wagner, 2016; Mason et al., 2005; Mason et al., 2010b; Moloney et al., 2011; Renzaho, 2006a; Renzaho, 2006b; Singh et al., 2006) . Yet, only one study (probably low risk of bias) examined the modifying effect of a concurrent event (price shock) on the association of drought exposure with child nutritional status. It suggested that price shock partly mitigated negative effects of droughts on child nutritional status by increasing household incomes from sales of home-produced goods, in the conditions when nutritional programmes were implemented in the study area (Lazzaroni and Wagner, 2016) .
Interventions
Four studies mentioned nutritional programmes existing in their study areas prior to the drought (Gitau et al., 2005; Arlappa et al., 2011; Lazzaroni and Wagner, 2016; Venkaiah et al., 2015) , and twelve interventions implemented in response to the drought, such as food distribution (Gari et al., 2017; McDonald et al., 1994; De Waal et al., 2006; Kumar and Bhawani, 2005; Lindtjørn, 1990; Renzaho, 2006b; Venkaiah et al., 2015; Ahsan et al., 2017) , nutrition (Gari et al., 2017; Carnell and Guyon, 1990; Kumar and Bhawani, 2005; Renzaho, 2006b; Venkaiah et al., 2015) , medical care and vaccination (Carnell and Guyon, 1990; Lindtjørn, 1990) , or wider economic and food security management (Mason et al., 2010a) . Overall, their results suggested variable effectiveness of the interventions in mitigating drought impacts on children's nutritional status. The study by Lazzaroni & Wagner (probably low risk of bias except the criteria of blinding) reported an increase in negative effect of drought on children's nutritional status despite an expansion in agricultural and nutrition programmes, which authors explained by the simultaneously increasing severity of the drought (Lazzaroni and Wagner, 2016) . A study in India (probably high risk of bias) reported a decline in child underweight levels during a drought six months after the implementation of an intervention (nutrition and care centres) (Kumar and Bhawani, 2005) . Of the six studies (probably high risk of bias) that related drought exposure to child undernutrition in the presence of an intervention, two reported limited evidence of negative drought effect on child undernutrition (Gari et al., 2017; McDonald et al., 1994) , nevertheless, four observed a notable deterioration in children's nutritional status with drought (Gitau et al., 2005; Arlappa et al., 2011; Lindtjørn, 1990; Mason et al., 2005) . Of the two crosssectional studies conducted in areas with and without an intervention (probably high risk of bias), both suggested that there was no difference in the levels of child undernutrition between the areas with and without the interventions (Carnell and Guyon, 1990; Renzaho, 2006a) . The remaining five cross-sectional studies that were conducted in the presence of the interventions reported levels of child undernutrition mostly classifiable as 'very high' or 'critical', according to the WHO Overall strength of evidence Limited Positive association of drought with increased prevalence of acute undernutrition is likely.
Lack of rigorous control and comparability across studies means quantitative estimates can be interpreted in only the broadest terms. Limited Positive association of drought with increased prevalence of chronic undernutrition is likely, however, current evidence is only based on one study. Effect estimates may change with further studies, particularly as different temporal aspects of the association are examined.
Limited
Positive association of drought with increased prevalence of mixed undernutrition is likely, however, current evidence is limited and effect estimates may change with further studies, particularly as different temporal aspects of the association are examined.
Positive association of drought with increased prevalence of anaemia, but again difficult to compare studies given variations in context. Effect estimates may change with further studies. Evidence on the effect on other micronutrient deficiencies was limited (vitamin A deficiency) or missing.
classification (WHO, 2010) .
Discussion
Summary of findings
Our evidence review of observational studies on undernutrition among children < 5 years of age in relation to periods of drought in LMICs suggests that the evidence base is not sufficiently robust to provide quantitative estimates of attributable impacts. Only two studies, by Kumar et al. and Lazzaroni & Wagner were judged of low or probably low risk of bias by all criteria of individual study assessment (except the criteria for blinding, which was not implemented by any study), suggesting an adverse effect of early life drought exposure on children being underweight and having anaemia during and after the drought events (Kumar et al., 2016; Lazzaroni and Wagner, 2016) . The overall strength of the evidence was judged to be limited due to the risk of bias, lack of estimate comparability across studies, and likelihood that further studies could show different results for each type of undernutrition (acute, chronic, mixed, and micronutrient). Limited evidence does not suggest that drought exposure is not a risk factor for child undernutrition in LMICs, but reflects the lack of robust research, much of which was undertaken in challenging circumstances for epidemiological surveillance and substantial heterogeneity in contexts.
Nonetheless, these studies are valuable in highlighting the high prevalence of undernutrition in LMICs during the examined drought events across the entire range of years from 1984 to 2015. According to the WHO, these levels require urgent response in the short term (WHO, 2010) but also the development of preventative strategies in the long term. What remains uncertain is the extent to which the observed levels of child undernutrition are attributable to drought exposure as opposed to other contextual factors and concurrent events. Almost all of the study populations examined in the reviewed papers were characterised as vulnerable due to high level of infectious disease, poverty, concurrent impact of other disasters, economic and political instability, or a war. This may suggest that drought in and of itself is never the sole cause of undernutrition, but triggers undernutrition in populations that are already vulnerable. Therefore, interventions that address the underlying vulnerabilities, e.g., investment in development, reduction of the burden of infectious diseases, protection of non-combatants from war, could have high value in strengthening the resilience to the impacts of drought and leveraging overall improvements in child nutritional status.
The two systematic reviews that have been previously conducted on the topic of the health impacts of droughts already emphasized the multiplicity of pathways through which droughts affect human health and discussed the importance of contextual factors as well as the underlying population vulnerability (Alpino et al., 2016; Stanke et al., 2013) . They also briefly commented on the variable quality of the available studies on this topic. Our review provided a detailed systematic assessment of the quality and strength of the available peerreviewed evidence on the impacts of droughts, specifically on child undernutrition in LMICs.
Development of effective preventative response strategies would benefit from robust evidence on the potential magnitude and timing of the drought effects, as well as their modifying factors. The results of our review suggest that drought exposure may be associated with a higher risk of undernutrition not only during the drought but also several years after the event (Kumar et al., 2016) . Our findings also suggest possible modification of drought effect by such factors as sex, age, urban vs rural setting, baseline health and nutritional status of the exposed, concurrent events, and interventions implemented in response to the drought effects. Most studies suggested that there is scope for the improvement of the effectiveness of intervention programmes, particularly their preventative aspects. This may include combining short-term response interventions with long-term preventative programmes targeting multiple pathways that mediate drought impacts and addressing other sources of vulnerability.
Nevertheless, resources for such programmes are limited, e.g., in sub Saharan Africa only 16% of consolidated appeals for emergencies are funded (Mude et al., 2009) . Therefore, further investigation of the modifying influences, based upon methods permitting time-course and effect modification analyses, is required to acquire comprehensive and robust evidence relating to who, when, and where may require targeted support the most. Furthermore, systematic reporting of the presence and absence of contextual factors that might modify drought effect on child nutritional status should be encouraged to permit examining the influence of such factors in future systematic reviews and syntheses.
To facilitate the improvement in the quality and robustness of further studies on this topic, we summarise our identified methodological shortcomings of the reviewed studies and provide corresponding recommendations.
Identified methodological shortcomings & recommendations
A key limitation of the reviewed studies was the lack of robust study designs that would permit attribution of drought impacts on child undernutrition. The majority of the studies were based upon a single set of cross-sectional data without control. There is a greater potential to provide evidence of the cause-effect association on the part of studies that used a control population or examined several estimates in time, and also by longitudinal studies. However, most of these study designs (with two exceptions (Kumar et al., 2016; Lazzaroni and Wagner, 2016) ) did not permit the elimination of substantial risk of confounding to discern the proportion of child undernutrition that was attributable to the drought event as opposed to any potential concurrent events, e.g., war or financial crisis, that could also have had a simultaneous negative effect on child nutrition during the examined drought events. Many of the reviewed studies with these designs had further shortcomings, such as the (almost inevitable) lack of blinding, the limited assessment of possible survival and migration bias, and poor control for confounding, all of which often limited the robustness of their findings. Well-designed studies, based on longitudinal data and which minimise the risk of survival and migration bias whilst comprehensively controlling for confounding, are required.
The robustness and comparability of the reviewed studies was also subject to limitations of outcome assessment methods. The prevalence estimates of child undernutrition could have been underestimated in studies that used the NCHS growth reference in the assessment of anthropometric indices and studies that used clinical signs to detect micronutrient deficiency (de Onis et al., 2006; Wyss, 2004; WHO, 1998) . Furthermore, many studies did not report their data quality control and cleaning procedures, which are required for the assessment of the risk of bias. To acquire accurate undernutrition prevalence estimates, future studies should use the WHO Child Growth Standard in the assessment of anthropometric indices (de Onis et al., 2006) and blood sample micronutrient measurements (Wyss, 2004; WHO, 1998) , as well as report data quality control and processing procedures.
Furthermore, evidence of the reviewed studies was limited by shortcomings in the exposure assessment methods, particularly the lack of drought definition and exposure justification with data on relevant, direct, and geographically accurate proxy measures of drought. Drought typology ranges from meteorological, agricultural, and hydrological, to socio-economic droughts, which reflects the diversity of their underlying causes (Wilhite and Glantz, 1985) . Droughts are slow onset events, which develop over periods of time, and have no visual or structural boundaries with their impacts lasting long after the physical drought conditions are over (Mishra and Singh, 2010) . The use of an operational definition of drought which identifies its onset, severity, and termination (Wilhite and Glantz, 1985; Dai, 2011 ) (e.g., Standardized precipitation index, Palmer drought severity index (Mishra and Singh, 2010; Wilhite and Glantz, 1985; Lloyd-Hughes, 2014) , could facilitate analyses of temporal aspects of drought impact and improve the comparability of results across studies.
To inform the design of effective preventative response strategies (e.g., early warning systems), models forecasting the undernutrition impacts of droughts could be explored. Exposure metrics for such models could be selected based on their capacity to predict the undernutrition impact with a lead-time sufficient for response implementation. Only one study included in this review attempted predictive modelling that could be used for the design of a nutritionfocused drought early warning system (Mude et al., 2009 ).
Limitations of the review
We did not search for publications in languages other than English nor in grey literature. We estimated the prevalence of literature in other languages by running our searches without the constraint to include articles only in English. The searches only identified 650 records in other languages additionally to the 8029 records we identified in English. Hence, by limiting our searches to articles published in English, we covered 93% of the literature available in all languages. Given the focus of this review on the quality and strength of peer-reviewed evidence, grey literature, which does not undergo peer-review, was not considered eligible for our assessment. Although there is valuable grey literature available on the topic of this review, it is highly unlikely that their inclusion would have changed the overall conclusions and interpretation of our review, as grey literature tends to be of lower quality than the peer-reviewed literature.
Conclusion
The strength of evidence on drought as a risk factor for undernutrition among children < 5 years of age in LMICs is limited. Nonetheless, studies suggest that there are apparently high and critical levels of child undernutrition in vulnerable settings during droughts, indicating the need for short-term response, and the development of preventative strategies in the long-term. The latter requires improved evidence of the magnitude of the drought-attributable fraction of child undernutrition, timing of drought impacts, influence of vulnerability and other potential modifying factors, and (in time) intervention studies.
